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METHODS, SYSTEMS AND COMPUTER 
PROGRAM PRODUCTS FOR DETECTING 
MUSICAL NOTES IN AN AUDIO SIGNAL 

RELATED APPLICATION(S) 

[0001] The present application is a continuation of 
co-pending US. patent application Ser. No. 10/ 977,850, ?led 
Oct. 29, 2004, the disclosure of Which is hereby incorporated 
herein by reference in its entireties. 

FIELD OF THE INVENTION 

[0002] The invention relates to data signal processing and, 
more particularly, to detection of signals of interest in a data 
signal. 

BACKGROUND OF THE INVENTION 

[0003] It is knoWn in the entertainment industry to use 
realistic computer graphics (CG) in various aspects of movie 
production. Many algorithms for natural behavior in the 
visual domain have been developed for ?lm. For example, 
algorithms Were developed for movies such as Jurassic Park 
to determine hoW a natural gait looked, hoW muscles moved 
in relation to a skeleton and hoW light re?ected off of skin. 
HoWever, similar types of problems in the audio, particularly 
music, domain remain relatively unaddressed. The necessary 
step is the ability to accurately transcribe What happens in a 
music performance into precise measurements that alloW the 
?ne nuances of the performance to be recreated. 
[0004] Characterizing music may be a particularly dif?cult 
problem. Various approaches have been attempted to provid 
ing “automatic transcription” of music, typically from a 
Waveform audio (WAV) format to a Musical Instrument Digi 
tal Interface (MIDI) format. Computer musicians generally 
refer to “WAV-to-MIDI” With reference to transforming a 
song in digitiZed Waveforms into the corresponding notes in 
the MIDI format. The source of the recording could be, for 
example, analog or digital, and the conversion process can 
start from a record, tape, CD, MP3 ?le, or the like. Traditional 
musicians generally refer to such transformation of a song as 
“Automatic Transcription.” Manual transcription techniques 
are typically used by skilled musicians Who listen to record 
ings repeatedly and carefully copy doWn on a music score the 
notes they hear; for example, to notate improvised jaZZ per 
formances. 
[0005] Numerous academics have looked at some of the 
problems in a non-commercial context. In addition, various 
companies offer softWare for WAV-to-MIDI decoding, for 
example, Digital EarTM, intelliScoreTM, AmaZing MIDI, 
AKoffT M, MB TRANSTM, and TranscribelTM. These products 
generally focus on songWriters and amateurs and include 
capability for determining note pitches and durations, to help 
musicians create a simple score from a recording. HoWever, 
these knoWn products tend to be generally unreliable in pro 
cessing more than one note at a time. In addition, these prod 
ucts generally fail to address the full range of characteristics 
of music. For example, With a piano, note characteristics may 
include: pitch, duration, strike and release velocities, key 
angle, and pedals. Academic research on automatic transcrip 
tion has also occurred, for example, at the Tampere University 
of Technology in Finland. Known Work on automatic tran 
scription has generally not yielded archival-quality recreation 
of music performances. 
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[0006] There are 100 years of recordings in the vaults of the 
recording companies and in private collections. Many great 
recordings have never been released, because they Were 
marred in some Way that made them substandard. Live per 
formances are often commercially not releaseable because of 
background noises or out-of-tune piano strings. Many analog 
tapes from previous decades are decaying, because of the 
chemical formula used in making the tape binder. They also 
may never have been released because they Were recorded on 
loW-quality devices, such as cassette recorders. Similarly, 
many desirable studio recordings have never seen released, 
due to instrument or equipment problems during their record 
ing sessions. 
[0007] The recording industry has embarked on the next set 
of consumer formats, folloWing CDs in the early l980’s: 
high-de?nition surround sound. The neW formats include 
DVD-Audio (DVD-A) and Video and Super Audio CD 
(SACD). There are 33 million home surround sound systems 
in use today, a number groWing quickly along With high 
de?nition TV. The challenge in the recording industry is 
bringing older audio material forWard into modern sound for 
re-release. Candidates for such a conversion include mono 
recordings, especially those before 1955; stereo recordings 
Without multi-channel masters; master tapes from the 1970s 
and 1980s, Which are generally noW decaying due to an infe 
rior tape binder formulation; and any of these combined With 
video captures, Which are issued as surround-sound DVDs. 
[0008] Another music related recording area is creating 
MIDI from a printed score. For example, like optical charac 
ter reader (OCR) software for text documents, it is knoWn to 
provide application software for musicians to alloW them to 
place a music score on a scanner and have music-scan appli 
cation softWare convert it into a digitiZed format based on the 
scanned image. Similarly, application notation softWare is 
knoWn to convert MIDI ?les to printed musical scores. 
[0009] Application softWare for converting from MIDI to 
WAV is also knoWn. The media player on a personal computer 
typically plays MIDI ?les. The better the samples it uses 
(snippets of digital recordings of acoustic instruments), the 
better the playback Will typically sound. MIDI Was originally 
designed, at least in part, as a Way to describe performance 
details to electronic musical instruments, such as MIDI elec 
tronic pianos (With no strings or hammers) available, for 
example, from Korg, KurZWeil, Roland, and Yamaha. 

SUMMARY OF THE INVENTION 

[0010] Some embodiments of the present invention provide 
methods, systems and/or computer program products for 
detection of a note receive an audio signal and generate a 
plurality of frequency domain representations of the audio 
signal over time. A time domain representation is generated 
from the plurality of frequency domain representations. A 
plurality of edges are detected in the time domain represen 
tation and the note is detected by selecting one of the plurality 
of edges as corresponding to the note based on characteristics 
of the time domain representation. 
[0011] In other embodiments of the present invention, 
methods, systems and/or computer program products for 
detection of a note receive an audio signal and generate a 
plurality of sets of frequency domain representations of the 
audio signal over time, each of the sets being associated With 
a different pitch. A plurality of candidate notes are identi?ed 
based on the sets of frequency domain representations, each 
of the candidate notes being associated With a pitch. Ones of 
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the candidate notes With different pitches having a common 
associated time of occurrence are grouped and magnitudes 
associated With the grouped candidate notes are determined. 
A slope de?ned by changes in the determined magnitudes 
With changes in pitch is determined and the note is detected 
based on the determined slope. 

[0012] In further embodiments of the present invention, 
methods for detection of a note include receiving an audio 
signal. Non-uniform frequency boundaries are de?ned to pro 
vide a plurality of frequency ranges corresponding to differ 
ent pitches. A plurality of sets of frequency domain represen 
tations of the audio data signal over time are generated, each 
of the sets being associated With one of the different pitches. 
The note is detectedbased on the plurality of sets of frequency 
domain representations. 
[0013] In yet other embodiments of the present invention, 
methods, systems and/or computer program products for 
detection of a signal edge receive a data signal including the 
signal edge and noise generated edges. The data signal is 
processed through a ?rst type of edge detector to provide ?rst 
edge detection data and through a second type of edge detec 
tor, different from the ?rst type of edge detector, to provide 
second edge detection data. One of the edges in the data signal 
is selected as the signal edge based on the ?rst edge detection 
data and the second edge detection data. A third edge detector 
may also be utiliZed. 

[0014] In further embodiments of the present invention, 
methods, systems and/or computer program products for 
detection of a note receive an audio signal and generate a 
plurality of frequency domain representations of the audio 
signal over time. A time domain representation is generated 
from the plurality of frequency domain representations. A 
measure of smoothness of the time domain representation is 
calculated and the note is detected based on the measure of 
smoothness. 

[0015] In other embodiments of the present invention, 
methods, systems and computer program products for detec 
tion of a note receive an audio signal and generate a plurality 
of frequency domain representations of the audio signal over 
time. A time domain representation is generated from the 
plurality of frequency domain representations. An output sig 
nal is also generated from an edge detector based on the 
received audio signal. Characterizing parameters associated 
With the time domain representation are calculated and char 
acteriZing parameters associated With the output signal from 
the edge detector are calculated. The note is detected based on 
the calculated characterizing parameters of the time domain 
representation and the output signal from the edge detector. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] FIG. 1 is a block diagram of an exemplary data 
processing system suitable for use in embodiments of the 
present invention. 
[0017] FIG. 2 is a more detailed block diagram of an exem 
plary data processing system incorporating some embodi 
ments of the present invention. 

[0018] FIGS. 3 to 5 are How charts illustrating operations 
for detecting a note according to various embodiments of the 
present invention. 
[0019] FIG. 6 is a How chart illustrating operations for 
detecting an edge according to some embodiments of the 
present invention. 

Jan. 7, 2010 

[0020] FIG. 7 is a How chart illustrating operations for 
detecting a note according to some embodiments of the 
present invention. 
[0021] FIG. 8 is a How chart illustrating operations for 
measuring smoothness according to some embodiments of 
the present invention. 
[0022] FIGS. 9 to 13 are How charts illustrating operations 
for detecting a note according to further embodiments of the 
present invention. 

DETAILED DESCRIPTION OF EMBODIMENTS 
OF THE INVENTION 

[0023] The invention noW Will be described more fully 
hereinafter With reference to the accompanying draWings, in 
Which illustrative embodiments of the invention are shoWn. 
This invention may, hoWever, be embodied in many different 
forms and should not be construed as limited to the embodi 
ments set forth herein; rather, these embodiments are pro 
vided so that this disclosure Will be thorough and complete, 
and Will fully convey the scope of the invention to those 
skilled in the art. Like numbers refer to like elements through 
out. As used herein, the term “and/or” includes any and all 
combinations of one or more of the associated listed items. 
[0024] The terminology used herein is for the purpose of 
describing particular embodiments only and is not intended to 
be limiting of the invention. As used herein, the singular 
forms “a”, “an” and “the” are intended to include the plural 
forms as Well, unless the context clearly indicates otherWise. 
It Will be further understood that the terms “comprises” and/ 
or “comprising,” When used in this speci?cation, specify the 
presence of stated features, integers, steps, operations, ele 
ments, and/ or components, but do not preclude the presence 
or addition of one or more other features, integers, steps, 
operations, elements, components, and/or groups thereof. 
[0025] Unless otherWise de?ned, all terms (including tech 
nical and scienti?c terms) used herein have the same meaning 
as commonly understood by one of ordinary skill in the art to 
Which this invention belongs. It Will be further understood 
that terms, such as those de?ned in commonly used dictio 
naries, should be interpreted as having a meaning that is 
consistent With their meaning in the context of the relevant art 
and Will not be interpreted in an idealiZed or overly formal 
sense unless expressly so de?ned herein. 
[0026] As Will be appreciated by one of skill in the art, the 
invention may be embodied as methods, data processing sys 
tems, and/or computer program products. Accordingly, the 
present invention may take the form of an entirely hardWare 
embodiment, an entirely softWare embodiment or an embodi 
ment combining softWare and hardWare aspects, all generally 
referred to herein as a “circuit” or “module.” Furthermore, the 
present invention may take the form of a computer program 
product on a computer-usable storage medium having com 
puter-usable program code embodied in the medium. Any 
suitable computer readable medium may be utiliZed includ 
ing hard disks, CD-ROMs, optical storage devices, a trans 
mission media such as those supporting the Internet or an 
intranet, or magnetic storage devices. 
[0027] Computer program code for carrying out operations 
of the present invention may be Written in an object oriented 
programming language such as JAVA7, Smalltalk or C++. 
HoWever, the computer program code for carrying out opera 
tions of the present invention may also be Written in conven 
tional procedural programming languages, such as the “C” 
programming language or in a visually oriented program 
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ming environment, such as VisualBasic. Dynamic scripting 
languages such as PHP, Python, XUL, etc. may also be used. 
It is also possible to use combinations of programming lan 
guages to provide computer program code for carrying out the 
operations of the present invention. 
[0028] The program code may execute entirely on the 
user’s computer, partly on the user’s computer, as a stand 
alone softWare package, partly on the user’s computer and 
partly on a remote computer or entirely on the remote com 
puter. In the latter scenario, the remote computer may be 
connected to the user’s computer through a local area netWork 
(LAN) or a Wide area netWork (WAN), or the connection may 
be made to an external computer (for example, through the 
Internet using an Internet Service Provider). 
[0029] The invention is described in part beloW With refer 
ence to ?owchart illustrations and/orblock diagrams of meth 
ods, systems and/or computer program products according to 
some embodiments of the invention. It Will be understood that 
each block of the illustrations, and combinations of blocks, 
can be implemented by computer program instructions. 
These computer program instructions may be provided to a 
processor of a general purpose computer, special purpose 
computer, or other programmable data processing apparatus 
to produce a machine, such that the instructions, Which 
execute via the processor of the computer or other program 
mable data processing apparatus, create means for imple 
menting the functions/ acts speci?ed in the block or blocks. 
[0030] These computer program instructions Nay also be 
stored in a computer-readable memory that can direct a com 
puter or other programmable data processing apparatus to 
function in a particular manner, such that the instructions 
stored in the computer-readable memory produce an article of 
manufacture including instruction means Which implement 
the function/act speci?ed in the block or blocks. 
[0031] The computer program instructions may also be 
loaded onto a computer or other programmable data process 
ing apparatus to cause a series of operational steps to be 
performed on the computer or other programmable apparatus 
to produce a computer implemented process such that the 
instructions Which execute on the computer or other pro gram 
mable apparatus provide steps for implementing the func 
tions/acts speci?ed in the block or blocks. 
[0032] Embodiments of the present invention Will noW be 
discussed With reference to FIGS. 1 through 13.As described 
herein, some embodiments of the present invention provide 
methods systems and computer program products for detect 
ing edges. Furthermore, particular embodiments of the 
present invention provide for detection of notes and may be 
used, for example, in connection With automatic transcription 
of musical scores to a digital format, such as MIDI. Manipu 
lation and reproduction of such performances may be 
enhanced by conversion to a note based digital format, such as 
the MIDI format. 
[0033] Using computer technology, detection of notes 
according to various embodiments of the present invention 
may change hoW music is created, analyZed, and preserved by 
advancing audio technology in Ways that may provide highly 
realistic reproduction and increased interactivity. For 
example, some embodiments of the present invention may 
provide a capability analogous to optical character recogni 
tion (OCR) for piano recordings. In such embodiments, piano 
recordings may be converted back into the keystrokes and 
pedal motions that Would have been used to create them. This 
may be done, for example, in a high-resolution MIDI format, 
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Which may be played back With high reality on corresponding 
computer-controlled grand pianos. 
[0034] In other Words, some embodiments of the present 
invention may alloW decoding of recordings back into a for 
mat that can be readily manipulated. Doing so may bene?t the 
music industry by unlocking the asset value in historical 
recording vaults. Such recordings may be regenerated into 
neW performances, Which can play afresh on in-tune concert 
grand pianos in superior halls. The major music labels could 
thereby re-record their Works in modern sound. The music 
labels could use a variety of recording formats, such as 
today’s high-de?nition surround-sound Super Audio CD 
(SACD) or DVD-Audio (DVD-A), and re-release recordings 
from back catalog. The music labels could also choose to use 
the latest digital rights management in the re-release. 
[0035] Referring noW to FIG. 1, a block diagram of data 
processing systems suitable for use in systems according to 
some embodiments of the present invention Will be discussed. 
As illustrated in FIG. 1, an exemplary embodiment of a data 
processing system 30 may include input device(s) 32 such as 
a microphone, keyboard or keypad, a display 34, and a 
memory 36 that communicate With a processor 38. The data 
processing system 30 may further include a speaker 44, and 
an I/O data port(s) 46 that also communicate With the proces 
sor 38. The U0 data ports 46 can be used to transfer informa 
tion betWeen the data processing system 30 and another com 
puter system or a netWork. These components may be 
conventional components, such as those used in many con 
ventional data processing systems, Which may be con?gured 
to operate as described herein. 

[0036] FIG. 2 is a block diagram ofdata processing systems 
that illustrates systems, methods, and/or computer program 
products in accordance With some embodiments of the 
present invention. The processor 38 communicates With the 
memory 36 via an address/data bus 48. The processor 38 can 
be any commercially available or custom processor, such as a 
microprocessor. The memory 36 is representative of the over 
all hierarchy of memory devices containing the softWare and 
data used to implement the functionality of the data process 
ing system 30. The memory 36 can include, but is not limited 
to, the folloWing types of devices: cache, ROM, PROM, 
EPROM, EEPROM, ?ash memory, SRAM and/or DRAM. 
[0037] As shoWn in FIG. 2, the memory 36 may include 
several categories of softWare and data used in the data pro 
cessing system 30: the operating system 52; the application 
programs 54; the input/ output (I/ O) device drivers 58; and the 
data 60. As Will be appreciated by those of skill in the art, the 
operating system 52 may be any operating system suitable for 
use With a data processing system, such as OS/2, AIX or 
System390 from International Business Machines Corpora 
tion, Armonk, N.Y., WindoWs95, WindoWs98, WindoWs2000 
or WindoWsXP from Microsoft Corporation, Redmond, 
Wash., Unix, Linux, Sun Solaris or Apple Macintosh OS X. 
The U0 device drivers 58 typically include softWare routines 
accessed through the operating system 52 by the application 
programs 54 to communicate With devices, such as the I/O 
data port(s) 46 and certain memory 36 components. The 
application programs 54 are illustrative of the programs that 
implement the various features of the data processing system 
30. Finally, the data 60 represents the static and dynamic data 
used by the application programs 54, the operating system 52, 
the I/ O device drivers 58, and other softWare programs that 
may reside in the memory 36. 
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[0038] As is further seen in FIG. 2, the application pro 
grams 54 may include a frequency domain module 62, a time 
domain module 64, an edge detection module 65 and a note 
detection module 66. The frequency domain module 62, in 
some embodiments of the present invention, generates a plu 
rality of sets of frequency domain representations, using, but 
not limited to, such transforms as fast fourier transforms 
(FFT, DFT, DTFT, STFT, etc.), Wavelet based transforms 
(Wavelets, Wavelet packets, etc.), and/orusing, but not limited 
to, such spectral estimation techniques as linear least squares, 
non-linear least squares, High-OrderYule-Walker, Pisarenko, 
MUSIC, ESPRIT, Min-Norm, and the like or other represen 
tations of an audio signal over time. Each set may be associ 
ated With a particular frequency taken at different times. The 
time domain module 64 may generate a time domain repre 
sentation from each set of frequency domain representations 
(i.e., a plot of the FFT data for a particular frequency over 
time). The edge detection module 65 may detect a plurality of 
edges in the time domain representation(s) from the time 
domain module 64. Finally the note detection module 66 
detects the note by selecting one of the edges as correspond 
ing to the note based on the characteristics of the time domain 
representation(s). Operations of the various application mod 
ules Will be further described With reference to the embodi 
ments illustrated in the ?owchart diagrams of FIGS. 3-13. 

[0039] The data portion 60 of memory 36, as shoWn in the 
embodiments illustrated in FIG. 2, may include frequency 
boundaries data 67, note slope parameter data 69 and param 
eter Weight data 71. The frequency boundaries data 67 may be 
used to provide non-uniform frequency boundaries for gen 
erating frequency domain representations by the frequency 
domain module 62. The note slope parameter data 69 may be 
utiliZed by the edge detection module 65 in edge detection as 
Will be described further herein. Finally the parameter Weight 
data 71 may be used by the note detection module 66 to 
determine Which edges from the edge detection module 65 
correspond to notes. 
[0040] While embodiments of the present invention have 
been illustrated in FIG. 2 With reference to a particular divi 
sion betWeen application programs, data and the like, the 
present invention should not be construed as limited to the 
con?guration of FIG. 2, as the invention encompasses any 
con?guration capable of carrying out the operations 
described herein. For example, While the edge detection 64 
and note detection 66 are illustrated as separate applications, 
the functionality provided by the applications could be pro 
vided in a single application or in more than tWo applications. 
[0041] Various of the knoWn approaches to automatic tran 
scription of music discussed above process an audio signal 
though digital signal processing (DSP) operations, such as 
Laplace transforms, Fast Fourier transforms (FFTs), discrete 
Fourier transforms (DFTs) or short time Fourier transforms 
(STFTs). Alternative approaches to this initial processing 
may include gamma tone ?lters, band pass ?lters and the like. 
The frequency domain information from the DSP is then 
provided to a note identi?cation process, typically a neural 
netWork that has been trained based on some form of knoWn 
input audio signal. 
[0042] In contrast, some embodiments of the present inven 
tion, as Will be described herein process the frequency 
domain data through edge detection With the edge detection 
module 65 and then carry out note detection With the note 
detection module 66 based on the detected edges. In other 
Words, a plurality of edges are detected in a time domain 
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representation generated for a particular pitch from the fre 
quency domain information. It Will be understood that the 
time domain representation corresponds to a set of frequency 
domain representations for a particular pitch over time, With 
a resolution for the time domain representation being depen 
dent on a resolution WindoW used in generating the frequency 
domain representations, such as FFTs. In other Words, a rising 
edge corresponds to energy appearing at a particular fre 
quency band (pitch) at a particular time. 
[0043] Note detection then processes the detected edges to 
distinguish a musical note (i.e., a fundamental) from harmon 
ics, bleeds and/or noise signals from other sources. Further 
information about a detected note may be determined from 
the time domain representation in addition to a start time 
associated With a time of detection of the edge found to 
correspond to a musical note. For example, a maximum 
amplitude and duration may be determined for the detected 
note, Which characteristics may further characterize the per 
formance of the note, such as, for a piano key stroke, a strike 
velocity, duration and/or release velocity. The pitch may be 
identi?ed based on the frequency band of the frequency 
domain representations used to build the time domain repre 
sentation including the detected note. 
[0044] As Will be further described herein, While various 
techniques are knoWn for edge detection that are suitable for 
use With embodiments of the present invention, some 
embodiments of the present invention utiliZe novel 
approaches to edge detection, such as processing the time 
domain representations through multiple edge detectors of 
different types. One of the edge detectors may be treated as 
the primary source for identifying the presence of edges in the 
time domain representation, While the others may be utiliZed 
for veri?cation and/ or as hints indicating that a detected edge 
from the primary edge detector is more likely to correspond to 
a musical note, Which information may be used during sub 
sequent note detection operations. An example of a con?gu 
ration utiliZing three edge detectors Will noW be described. 
[0045] It Will be understood that an edge detector, as used 
are herein, refers to a shape detector that may be set to detect 
a sharp rise associated With an edge being present in the data. 
In some cases the edges may not be readily detected (such as 
a repeated note, Where a second note may have a much 
smaller rise) and edge detection may be based on detection of 
other shapes, such as a cap at the top of the peak for the 
repeated note. 
[0046] The ?rst or primary edge detector for this example is 
a conventional edge detector that may be tuned to a rising 
edge slope generally corresponding to that expected for a 
typical note occurring over a tWo octave musical range. HoW 
ever, as each pitch corresponds to a different time domain 
representation being processed through edge detection, the 
edge detector may be tuned to an expected slope for a note of 
a particular pitch corresponding to a time domain represen 
tation being processed, and then re-tuned for other time 
domain representations. As automatic transcription of music 
may not be time sensitive, a common edge detector may be 
used that is re-calibrated rather than providing a plurality of 
separately tuned primary edge detectors for concurrent pro 
cessing of different pitches. The edge detector may also be 
tuned to select a start time for a detected rising edge based on 
a point intermediate to the detected start and peak time, Which 
may reduce variability in the start time detection. 
[0047] It Will also be understood that the sample period for 
generating the frequency domain representations may be 
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decreased to increase the time resolution of the corresponding 
time domain representations generated therefrom. For 
example, While the present inventors have successfully uti 
liZed ten millisecond resolution, it may be desirable, in some 
instances, to increase resolution to one millisecond to provide 
even more accurate identi?cation of start time for a detected 

musical note. HoWever, it Will be understood that doing so 
Will increase the amount of data processing required in gen 
eration of the frequency domain representations. 
[0048] Continuing With this example of a multiple edge 
detector embodiment of the present invention, the second 
edge detector may be a detector responsive to a shape of, 
rather than energy in, an edge. In other Words, normalization 
of the input signal may be provided to increase the sensitivity 
for detection of a particular shape of rising edge in contrast 
With an even greater energy level of a “louder” edge having a 
different shape. For this particular example, a third edge 
detector is also used to provide “hints” (i.e., veri?cation of 
edges detected by the ?rst edge detector). The third edge 
detector may be con?gured to be an energy responsive edge 
detector, like the primary edge detector, but to require more 
energy to detect an edge. For example, the ?rst edge detector 
may have an analysis WindoW over ten data points, each often 
milliseconds (for a total of 100 milliseconds), While the third 
edge detector may have an analysis WindoW of thirty data 
points (for a total of 300 milliseconds). 
[0049] The particular length of the longer time analysis 
WindoW may be selected, for example, based on characteris 
tics of an instrument generating the notes being detected. A 
piano, for example, typically has a note duration of at least 
about 150 milliseconds so that a piano note Would be 
expected to last longer than the analysis WindoW of the ?rst 
edge detector and, thus, provide additional energy When ana 
lyZed by the third edge detector, While a noise pulse in the 
time signal may not provide any additional energy by exten 
sion of the analysis WindoW. 
[0050] As Will be described further herein, once an edge is 
detected, a plurality of characterizing parameters of the time 
domain representation in Which the edge Was detected may be 
generated for uses in detecting a note in various embodiments 
of the present invention. Particular examples of such charac 
teriZing parameters Will be provided after describing various 
embodiments of the present invention With reference to the 
How chart illustrations in the ?gures. 
[0051] FIG. 3 illustrates operations for detecting a note 
according to some embodiments of the present invention that 
may be carried out, for example, by the application programs 
54. As seen in the embodiments of FIG. 3, operations begin at 
Block 300 by generating a plurality of frequency domain 
representations of an audio signal over time. Time domain 
representation(s) are generated from the plurality of fre 
quency domain representations (Block 310). The time 
domain representations may be the frequency domain infor 
mation from Block 310 for a given frequency band (pitch) 
plotted over time, With a resolution determined by the reso 
lution used for sampling in generating an FFT, or the like, to 
provide the frequency domain representations. A plurality of 
edges are detected in the time domain representation(s) 
(Block 315). The note is detected by selecting one of the 
plurality of edges as corresponding to the note based on 
characteristics of the time domain representation(s) gener 
ated in Block 310. 

[0052] It Will be understood that, While the present inven 
tion encompasses detection of a single note in a single time 

Jan. 7, 2010 

domain representation generated from a plurality of fre 
quency domain representations over time, automatic tran 
scription of the music Will typically involve capturing a plu 
rality of different notes having different pitches. Thus, 
operations at Block 300 may involve generating a plurality of 
sets of frequency domain representations of the audio signal 
over time Wherein each of the sets is associated With a differ 
ent pitch. Furthermore, operations at Block 310 may include 
generating a plurality of time domain representations from 
the respective sets of frequency domain representations, each 
of the time domain representations being associated With one 
of the different pitches. A plurality of edges may be detected 
at Block 315 in one or more of the time domain representa 
tions associated With different notes, bleeds or harmonics of 
notes. 

[0053] Operations for detecting a note at Block 320 may 
include determining a duration of the note. The duration may 
be associated With the mechanical action generating the note. 
For example, the mechanical action may be a keystroke on a 
piano. 
[0054] As discussed above for the embodiments of FIG. 3, 
frequency domain data may be generated for a plurality of 
frequencies, Which may correspond to particular musical 
pitches. In some embodiments of the present invention, gen 
erating the frequency domain data may further include auto 
matic pitch tracking. For musical instruments, there is typi 
cally a primary (fundamental) frequency that is generated 
When a note is played. This primary frequency is generally 
accompanied by harmonics. When instruments are in tune, 
the frequency that corresponds to each note/pitch is typically 
de?ned by a predetermined set of scales. HoWever, due to a 
number of factors, this primary frequency (and, thus, the 
harmonics as Well) may diverge from the expected frequency 
(e.g., the note on the instrument goes out of tune). Thus, it 
may be desirable to provide forpitch tracking during process 
ing to adjust to notes going out of tune. 
[0055] In some embodiments of the present invention, pitch 
tracking may be provided using frequency tracking algo 
rithms (e.g., phase locked loops, equaliZation algorithms, 
etc.) to track notes that go out of tune. One processing module 
may be provided for the primary frequency and each har 
monic. In the case of multiple instances of the frequency 
producer (e.g., multiple strings used on a piano or different 
strings on a guitar), multiple processing modules may be 
provided for the primary frequency and for each correspond 
ing harmonic. Communication is provided betWeen each of 
the tracking entities because, as the primary frequency 
changes, a corresponding change typically needs to be incor 
porated in each of the related harmonic tracking processing 
modules. 

[0056] Pitch tracking could be implemented and applied to 
the raW data (a priori) or could be run in parallel for during 
processing adaptation. Alternatively, the pitch tracking pro 
cess could be applied a posteriori, once it has been determined 
that notes are missing from an initial transcription pass. The 
pitch tracking process could then be applied only for notes 
Where there are losses due to being out of tune. In other 
embodiments of the present invention, manual corrections 
could also be applied to compensate for frequency drift prob 
lems (manual pitch tracking) as an alternative to the auto 
mated pitch tracking described herein. 
[0057] Further embodiments of the present invention for 
detection of a note Will noW be described With reference to the 
?owchart illustration of FIG. 4. Operations begin for the 
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embodiments of FIG. 4 With receiving an audio signal (Block 
400). A plurality of sets of frequency domain representations 
of the audio signal over time are generated (Block 410). Each 
of the sets of frequency domain representations are associated 
With a different pitch. A plurality of candidate notes are iden 
ti?ed based on the sets of frequency domain representations 
(Block 420). Each of the candidate notes is associated With a 
pitch. 
[0058] Ones of the candidate notes With different pitches 
having a common associated time of occurrence are grouped 
(Block 430). Magnitudes associated With a group of candi 
date notes are determined (Block 440). A slope de?ned by 
changes in the determined magnitude With changes in pitch is 
then determined (Block 450). The note is then detected based 
on the determined slope (Block 460). Thus, for the embodi 
ments illustrated in FIG. 4, a relative magnitude relationship 
betWeen a peak magnitude for a fundamental note and its 
harmonics may be used to distinguish the presence of a note 
in an audio signal, as contrasted With noise, harmonics, bleeds 
and the like. 
[0059] It Will be understood that, in other embodiments of 
the present invention, a relationship betWeen a harmonic and 
a fundamental note may be utiliZed in note detection Without 
generating slope information as described With reference to 
FIG. 4. Thus, Where a plurality of edges are detected in tWo or 
more distinct time domain representations, detecting a note 
may include identifying one of the edges in a ?rst one of the 
time domain representations as corresponding to a fundamen 
tal of the note and identifying one of the edges in a different 
one of the time domain representations as corresponding to a 
harmonic of the note. Thus, distinguishing a harmonic from a 
fundamental need not include comparison of magnitude 
changes With increasing pitch across a range of harmonics. 
[0060] Operations for detection of a note according to fur 
ther embodiments of the present invention Will noW be 
described With reference to the ?owchart illustration of FIG. 
5. As shoWn for the embodiments of FIG. 5, operations begin 
at Block 500 by receiving an audio signal. Non-uniform fre 
quency boundaries are de?ned to provide a plurality of fre 
quency ranges corresponding to different pitches (Block 
51 0). Such non-uniform frequency boundaries may be stored, 
for example, in the frequency boundaries data 67 (FIG. 2). 
[0061] A plurality of sets of frequency domain representa 
tions of the audio signal are generated over time (Block 520). 
Each of the sets is associated With one of the different pitches. 
The note is then detected based on the plurality of sets of 
frequency domain representations (Block 530). 
[0062] Operations for de?ning non-uniform frequency 
boundaries at Block 510 may include de?ning the non-uni 
form frequency boundaries to provide a substantially uniform 
resolution for each of a plurality of pre-de?ned pitches cor 
responding to musical notes. Non-uniform frequency bound 
aries may also be provided so as to provide a frequency range 
for each of a plurality of pre-de?ned pitches corresponding to 
harmonics of the musical notes. 
[0063] The non-uniform frequency boundaries described 
With reference to FIG. 5 may also be utiliZed With the embodi 
ments described above With reference to FIGS. 3 and 4. Thus, 
non-uniform frequency boundaries may be de?ned to provide 
a frequency range associated With each set of frequency 
domain representations corresponding to a different pitch. A 
substantially uniform resolution may be provided for each of 
a plurality of pre-de?ned pitches corresponding to musical 
notes by selection of the non-uniform frequency boundaries. 
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[0064] Operations for detection of a signal edge according 
to various embodiments of the present invention Will noW be 
described With reference to a ?owchart illustration of FIG. 6. 
Operations begin at Block 600 With receipt of a data signal 
including the signal edge and noise generated edges. The data 
signal is process through a ?rst type of edge detector to 
provide ?rst edge detection data (Block 610). In particular 
embodiments of the present invention, the ?rst type of edge 
detector is responsive to an energy level of an edge in the data 
signal and may be tuned to a slope characteristic of the signal 
edge. For example, note slope parameters for a note associ 
ated With a particular pitch may be stored in the note slope 
parameter data 69 (FIG. 2) and used to calibrate the ?rst edge 
detector. The ?rst type of edge detector may be tuned to a 
common slope characteristic representative of different types 
of signal edges or tuned to a plurality of slope characteristics, 
each of Which is representative of a different type of signal 
edge, such as a signal edge associated With a musical different 
note. 

[0065] The data signal representation is further processed 
through a second type of edge detector different from the ?rst 
type of edge detector to provide different edge protection data 
(Block 620). For example, the second of type of edge detector 
may be normalized so as to be responsive to a shape of an edge 
detected in the data signal. 
[0066] In addition to the ?rst and second edge detectors, as 
illustrated at Block 630, for some embodiments of the present 
invention, the data signal is further processed through a third 
edge detector. The third edge detector may be the same type of 
edge detector as the ?rst edge detector but have a longer time 
analysis WindoW. A longer time analysis WindoW for the third 
edge detection may be selected to be at least as long as a 
characteristic duration associated With the signal edge. For 
example, When a signal edge corresponds to an edge expected 
to be generated by strike of a piano key, mechanical charac 
teristics of the key may limit the range of durations expected 
from a note struck by the key. As such, the third edge detector 
may detect an edge based on a higher energy level threshold 
than the ?rst type of edge detector. Thus, in some embodi 
ments of the present invention, a third set of edge detection 
data is provided in addition to the ?rst and second edge 
detection data. 
[0067] One of the edges in the data signal is selected as the 
signal edge based on the ?rst edge detection data, the second 
edge detection data and/ or the third edge detection data 
(Block 640). In particular embodiments of the present inven 
tion, operations at Block 640 include increasing the likeli 
hood that an edge corresponds to the signal edge based on a 
correspondence betWeen an edge detected in the ?rst edge 
detection data and an edge detected in the second edge detec 
tion data and/or the third edge detection data. For an instru 
ment, such as a piano, the longer time analysis WindoW for the 
third edge detector may be about 300 milliseconds. 
[0068] It Will be understood that the signal edge detection 
operations described With reference to FIG. 6 may be applied 
to detection of a musical note as described previously With 
reference to other embodiments of the present invention. 
Thus, the ?rst type of edge detector may be tuned to a slope 
characteristic of a musical note and the second type of edge 
detector may be normaliZed to be responsive to the shape of 
an edge formed by a musical note in one of the time domain 
representations. The ?rst type of edge detector may be tuned 
to a slope characteristic representative of a range of musical 
notes and a common slope characteristic may be used in edge 


















